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Summary
Sister chromatid cohesion depends on a multiprotein
cohesin complex containing two SMC subunits, Smc1
and Smc3, that dimerize to form V-shaped molecules
with ABC-like ATPase heads at the tips of their two
arms. Cohesin’s Smc1 and Smc3 “heads” are con-
nected by an  kleisin subunit called Scc1, forming a
tripartite ring with a diameter around 40 nm. We show
here that some cohesin remains tightly bound to cir-
cular minichromosomes after their purification from
yeast cells and that cleavage either of cohesin’s ring
or of the minichromosome’s DNA destroys their asso-
ciation. This suggests that the stable association be-
tween cohesin and chromatin detected here is topo-
logical rather than physical, which is consistent with
the notion that DNA is trapped inside cohesin rings.
Introduction
In eukaryotic cells, sister molecules of chromosomal
DNA (sister chromatids) are held together (cohesed) from
the time of their generation during S phase until their
segregation to opposite poles of the cell during ana-
phase. Sister chromatid cohesion is essential for ensur-
ing that sister kinetochores attach to microtubules that
originate from the opposite poles of the cell, a process
called amphitelic attachment or biorientation. This is
achieved because the interconnection of sister DNAs
resists the tendency of amphitelically attached microtu-
bules to split chromatids and thereby generates the
tension thought to stabilize microtubule-kinetochore
attachments (Ault and Nicklas, 1989; Tanaka et al.,
2000). The destruction of cohesion, which only occurs
when all chromosomes have bioriented, triggers the
segregation of chromatids at the metaphase to ana-
phase transition.
Sister chromatid cohesion depends on a multisubunit
complex called cohesin that comprises two SMC pro-
teins, Smc1 and Smc3, and two non-SMC components
Scc1 and Scc3 (Guacci et al., 1997; Losada et al., 1998,
2000; Michaelis et al., 1997; Sumara et al., 2000; Toth
et al., 1999). Smc1 and Smc3 form similar rod shaped
proteins whose two globular ends are connected by a
50 nm long intramolecular antiparallel coiled coil
formed by folding the proteins around their central
globular regions (Haering et al., 2002). Heterotypic in-
teraction between the latter creates V-shaped Smc1/
Smc3 heterodimers whose two arms contain at their*Correspondence: knasmyth@imp.univie.ac.attips “heads” composed of N- and C-terminal sequences
of individual Smc proteins that combine together to
form ABC-like ATPase domains. ATP is thought to pro-
mote association of the ATPase heads of Smc1 and
Smc3 by binding Walker A and B motifs within one
head and a signature motif within its partner. This cre-
ates an unstable bipartite ring capable of hydrolyzing
the two ATP molecules sandwiched between the two
heads of a Smc1/Smc3 heterodimer.
Cohesin’s third subunit Scc1 is a member of the klei-
sin superfamily of proteins (Schleiffer et al., 2003).
Scc1’s C-terminal sequences form a winged helix do-
main that interacts very tightly with Smc1’s ATPase
head (Haering et al., 2004). Its N-terminal sequences
have been predicted to form a related helix turn helix
domain that binds Smc3’s head. The connection (i.e.,
bridging) of Smc1 and Smc3 ATPase heads by Scc1
creates an enormous tripartite ring whose integrity is
essential for cohesion between sister chromatids (An-
derson et al., 2002; Gruber et al., 2003; Haering et al.,
2002). Thus, in metaphase arrested cells cleavage of
Scc1 between its N- and C-terminal domains at rec-
ognition sites for the Tobacco Etch Virus protease (TEV)
inserted within Scc1 causes cohesin to dissociate from
chromosomes, destroys cohesion between sister chro-
matids, and triggers their disjunction toward opposite
poles of the cell (Uhlmann et al., 1999, 2000). Cleavage
of TEV sites inserted at opposing positions along
Smc3’s coiled coil also causes cohesin’s dissociation
from chromosomes and the destruction of sister chro-
matid cohesion (Gruber et al., 2003). Crucially, the dis-
junction of sister chromatids at the metaphase to ana-
phase transition in vivo depends on cleavage of Scc1’s
central domain by a site-specific thiol protease called
separase (Uhlmann et al., 1999, 2000).
The discovery that cohesin’s cleavable α kleisin sub-
unit bridges the two heads of V-shaped Smc1/Smc3
heterodimers (Haering et al., 2002) suggests that
cohesin’s stable association with chromatin could arise
from the trapping of double helical DNA molecules in-
side the tripartite ring created by Scc1, Smc1, and
Smc3. Indeed, trapping of sister DNA molecules within
a single cohesin ring would explain not only how sister
DNAs are held together but also how separase destroys
their interconnection at the metaphase to anaphase
transition. With a potential diameter of 40 nm, cohesin
rings would be large enough to accommodate two 10
nm nucleosomal chromatin fibers.
To address the nature of cohesin’s interaction with
chromatin, we have developed a procedure to purify
replicated circular minichromosomes from yeast. The
cohesin that is tightly associated with these chromo-
somes is released by cleavage either of Scc1 or of
Smc3. Cohesin is also released by linearization of the
minichromosome due to cleavage at a unique restric-
tion site. These observations imply that the connection
between cohesin and chromatin is primarily topological
and not physical.
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Purification of Circular Minichromosomes
from Yeast
To investigate the nature of sister chromatid cohesion,
we developed a method to isolate small circular chro-
mosomes from the budding yeast Saccharomyces cere-
visiae. To ensure that the chromosomes would be asso-
ciated with cohesin that might actually be engaged in
holding sister DNAs together, we used circular DNAs
that contain not only a selective marker and an origin
of DNA replication but also an active centromere (Fig-
ure 1A). We chose circular centromeric plasmids be-
cause centromeres are known to confer not only
cohesin recruitment but also cohesion between sister
DNAs (Megee et al., 1999). We used an affinity-based
method utilizing the interaction between Tet repressor
and its operator (Figure 1B). Host yeast strains ex-
pressed a TetR-GFP protein-A fusion protein that
bound in vivo to a tandem array of 21 (or more) opera-
tors embedded in a 3.5 kb circular plasmid containing
the TRP1 gene, its neighboring replication origin, and
an 850 bp fragment containing the centromere from
chromosome IV (Figure 1A).
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bFigure 1. Purification of the Centromeric
Plasmid
(A) Map of the centromeric plasmid with 21
Tet operators. The plasmid contains 850 nt of
pericentromeric sequence from chromosome
IV, TRP1 marker, ARS1 and 21 Tet operators.
(B) Purification scheme of the Tet R-protein
A bound plasmid on an IgG sepharose matrix.
(C) Affinity purification of the centromeric plas-
mid. Strain (K11282) expresses Tet R-protein
A fusion. Samples were collected at different
stages of purification, and DNA was pre-
pared by phenol/chloroform extraction and
separated on a 1% agarose gel with ethid-
ium bromide. Southern blot probed with a
TRP1-specific probe is shown. The lanes
represent: crude lysate, cr; lysate after cen-
trifugation, cl; IgG sepharose flow through,
fl; fraction bound to the beads, b; DNA
eluted off the beads by addition of anhy-
drotetracycline and elevated salt, el; and
DNA remaining bound to the beads after elu-
tion, el. b. An equivalent quantity of the plas-
mid corresponding to 0.8% starting volume
was loaded in each lane. G, genomic DNA;
N, nicked plasmid; and C, closed circular
plasmid. In this experiment, 75% of the plas-
mid was bound to the beads.
(D) An ethidium bromide-stained gel from the
experiment in (C) is shown.
(E) Binding of the plasmid to the beads is
dependent on the Tet R-protein A fusion pro-
tein expression. Purification was carried out
as described in (C), but a strain without Tet
R-protein A fusion was used.Cells were grown until midlog phase and then ar-
ested in a mitotic-like state by addition of nocodazole.
his not only disrupted any microtubule-kinetochore in-
eractions that might jeopardize the isolation of mini-
hromosomes but also ensured that all chromosomes
ere fully replicated. After harvesting, cells were sphe-
oplasted by treatment with lyticase, lysed by the addi-
ion of a Triton X-100 buffer containing RNase, and
ost if not all chromosomal chromatin removed by
entrifugation at 12,000 × g for 5 min. The resulting ex-
racts, containing most minichromosome but very little
hromosomal DNA (Figures 1C and 1D), were incubated
vernight with IgG beads, which caused depletion of
ost TetR-GFP protein-A fusion protein from the ex-
ract as judged by Western blot analysis (data not
hown). 30%–70% of minichromosomes containing Tet
perators bound to the IgG beads (Figure 1C) while
inichromosomes lacking any operators bound not at
ll and ones with only seven operators bound ineffi-
iently (data not shown). Binding was dependent on ex-
ression of the TetR-GFP protein-A fusion protein (Fig-
re 1E).
Bound minichromosomes were eluted from the IgG
eads by addition of anhydrotetracycline. The mini-
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851chromosome preparations contained little or no con-
taminating nucleic acid, as judged from ethidium bro-
mide staining of agarose gels (Figure 1D), and less than
0.1% of the protein present in the cleared extract, con-
sistent with a 500-fold enrichment relative to total
protein.
Purified Minichromosomes Are Associated with
CENP-A-Containing Nucleosomes and Cohesin
To detect proteins bound to purified minichromosome
DNAs, we used yeast strains that expressed (from en-
dogenous genes) HA epitope tagged proteins and mea-
sured the ability of magnetic protein A dynabeads in
conjunction with the 12CA5 HA-specific monoclonal
antibody to precipitate minichromosome DNA. The
abundance of minichromosome DNA in immunoprecipi-
tates was measured by Southern blotting (Figure 2A).
HA epitopes on histone H2B (Htb1-HA3) or the centro-
mere-specific histone H3 CENP-A (Cse4-HA6) enabled
immunoprecipitation of most minichromosome DNA
whereas the same epitope fused to cohesin’s Scc1
subunit enabled immunoprecipitation of about 20% ofFigure 2. Association of the Purified Plasmid
with Histones and Cohesin Complex
(A) Eluate of the IgG sepharose containing
the plasmid was incubated with an anti-HA
antibody (12CA5) and protein A dynabeads.
Strains contained HA-tagged versions of the
following proteins: Scc1 (K11282), Scc3
(K12479), Smc1 (K12651), Cse4 (K11915),
Htb1 (K11293), or no tag (K11272), as indi-
cated. Amount of plasmid in the immuno-
precipitated fractions was analyzed by
Southern blot. The lanes represent: input, in;
flow, fl; and 1× and 5× amounts of the immu-
noprecipitated fraction, 1× and 5×, respec-
tively. The efficiency of the plasmid immuno-
precipitation in this experiment was 12% for
Scc1-HA6, 5% for Scc3-HA3, and 7% for
Smc1-HA6.
(B) Strains (K11272 [no tag on SCC1],
K11282 [SCC1-HA6], K14112 [SCC1-HA6
scc2-4], K12733 [SCC1-HA6 eco1-1]) were
arrested with α factor at the permissive
(25°C) temperature for 2 hr and then re-
leased from the α factor arrest into nocoda-
zole-containing media at restrictive temper-
ature (35oC) for an additional 2 hr. All four
strains underwent DNA replication at the re-
strictive temperature, as concluded from
FACS analysis of the cellular DNA content
(data not shown). Plasmid was immunopre-
cipitated directly from the lysate with an anti-
HA antibody without prior purification on IgG
sepharose beads in the lysis buffer (see Ex-
perimental Procedures) supplemented with
200 mM NaCl (the final cation molarity of 350
mM). Upper panel is the Southern blot of the
plasmid immunoprecipitation. The lanes rep-
resent: crude lysate, cr; lysate after centrifu-
gation, cl; protein A dynabeads flow through,
fl; and 1× and 5× amounts of the immuno-
precipitated fraction, 1× and 5×, respec-
tively. The efficiency of plasmid immunoprecipitation was 8.3% for wild-type and eco1-1 mutant and 1.3% for scc2-4 mutant. Similar if not
identical results were obtained with purified plasmids (data not shown). The lower panel shows chromosome spreads of the samples from
the same experiment stained for chromosome-associated Scc1-HA6 with anti-HA antibody (16B12) and goat anti-mouse Cy3 conjugate and
with DAPI for chromosomal DNA.the starting minichromosome DNA. This DNA was also
immunoprecipitated when Smc1 and Scc3 were HA
tagged but poorly if at all when no yeast proteins were
tagged (Figure 2A).
Cohesin Associates Stably with Minichromosomes
Even in the Absence of Sister Chromatid Cohesion
Previous studies using either chromosome spreading
or chromatin immunoprecipitation suggest that cohes-
in’s stable association with chromosomes depends on
a separate factor composed of the Scc2 and Scc4 pro-
teins (Ciosk et al., 2000) but not on a protein called
Eco1/Ctf7 (Skibbens et al., 1999; Toth et al., 1999) that
is essential for building cohesion between sister chro-
matids during S phase (Figure 2B). To test whether
cohesin associated with minichromosomes has the
same properties, we compared the amount of minichro-
mosome DNA associated with Scc1-HA6 after wild-
type, scc2-4, and eco1-1 mutant cells had undergone
DNA replication at the restrictive temperature. Associa-
tion was greatly reduced by the scc2 mutation but un-
affected by the eco1 mutation (Figure 2B). The asso-
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852ciation between cohesin and minichromosome DNA
detected in our assay does not therefore depend on the
establishment of sister chromatid cohesion.
Severing the Cohesin Ring Destroys Its
Association with Minichromosomes
A circular plasmid immobilized due to its association
with cohesin provides an ideal system for addressing
the nature of their association. We first investigated
whether severing cohesin’s ring causes dissociation of
DNA. We isolated minichromosomes from a yeast strain
whose SCC1 gene produces an HA tagged Scc1 pro-
tein containing between its N- and C-terminal domains
three cleavage sites for the Tobacco Etch Virus (TEV)
protease. Incubation with TEV protease prior to immu-
noprecipitation with 12CA5 antibody cleaved all Scc1
molecules (note that most protein in these preparations
is not in fact associated with the plasmid) and largely
abolished copurification of plasmid DNA with cohesin
(Figure 3). This effect was clearly due to cleavage of
Scc1 by TEV protease and not due to some unknown
activity associated with the protease because its addi-
tion to minichromosomes isolated from cells whose HA
tagged Scc1 protein lacked TEV cleavage sites had no
effect on DNA coprecipitation with cohesin (Figure 3).
To investigate the effect of cleaving Smc3’s coiled
coil, we isolated minichromosomes from cells whose
Smc3 protein contained either a pair of TEV cleavage
sites at opposing positions within its coiled coil or a
single TEV site in only a single Smc3 polypeptide
strand. Cleavage of the former with TEV protease sev-
ers Smc3’s coiled coil whereas cleavage of the latter
merely nicks it, leaving the cohesin ring both intact and
functional (Gruber et al., 2003). Both sets of cells also
expressed HA tagged Scc1 protein. Severance of Smc3’s
coiled coil but not its nicking abolished coprecipitation
of minichromosome DNA with Scc1 (Figure 4).
Our finding that severance either of Scc1 or of Smc3
destroys the association of cohesin with a circular mini-
chromosome is consistent with previous findings,
namely that both methods of severing cohesin rings
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tFigure 3. Cleavage of Scc1 Releases Cohesin
from the Plasmid
Plasmid was purified on IgG sepharose beads
(see Figure 1B), released from the beads, and
incubated with or without TEV protease prior
to cohesin immunoprecipitation. Strains con-
tained a SCC1 gene with a C-terminal HA6
tag with (K11580) or without (K11282) a triple
TEV site in the middle portion. Upper panel:
Southern blot showing immunoprecipitation
of the plasmid. The efficiency of plasmid im-
munoprecipitation was 26%–27% without
Scc1 cleavage and 3.7% after the cleavage.
Lower panel: anti-HA Western blot of the
samples from the same experiment showing
cleavage of Scc1. Note that not all Scc1 de-
tected by Western blot in the eluate of IgG
sepharose beads appears to be bound to
the plasmid, and there is free “contaminat-
ing” cohesin present at this stage.ause cohesin’s release from crude chromatin prepara-
ions as well as from chromosomes in vivo (Gruber et
l., 2003). The current experiments have the advantage
hat they involve a well defined and highly purified chro-
atin substrate.
inearization of DNA Causes Cohesin’s
elease from Minichromosomes
ur finding that the integrity of cohesin rings is essen-
ial for their association with minichromosomes implies
hat no single domain is responsible. Association could
nstead arise from interlocking (catenation) of two cir-
ular objects, namely cohesin and DNA. If so, cleavage
f the DNA as well as severance of the cohesin ring
ould be predicted to release cohesin from its “em-
race”, assuming that cohesin rings can slide along
hromatin in vitro. We therefore investigated the effect
n cohesin’s association with DNA of cleaving mini-
hromosomes at a unique Bgl II site while they were
till bound to the IgG sepharose matrix via their Tet re-
ressor protein A fusion protein. This Bgl II site is fortu-
tously located in a nucleosome-free area near the mini-
hromosome’s origin of DNA replication (Thoma et al.,
984), which permits efficient cleavage by prolonged
ncubation with enzyme at 4°C. Following DNA cleav-
ge, both cleaved and uncleaved minichromosomes
ere eluted from the sepharose beads by addition of
nhydrotetracycline.
About 90% of the circular DNA was linearized by this
rocedure (Figure 5B). The efficiency with which resid-
al closed and nicked circular forms of the plasmid
ere recovered in the bound fraction (i.e., immunopre-
ipitated on dynabeads with Scc1-HA6) was largely un-
ltered by incubation with Bgl II. In contrast, few if any
inearized minichromosomes were immunoprecipitated
ith Scc1-HA6 (Figure 5B). The reduction in coprecipi-
ation of linearized minichromosome DNA with cohesin
as due to cleavage of the minichromosome because
opurification with cohesin of an otherwise identical
lasmid whose Bgl II site had been mutated was unal-
ered by incubation with the enzyme (Figure 5C). Inser-
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Releases Cohesin from the Plasmid
Plasmid was purified, treated with TEV pro-
tease, and immunoprecipitated as in Figure
3. Strains contained modified SMC3 genes
with the target sequences for the TEV prote-
ase inserted in corresponding positions of
both strands of Smc3 coiled coil (K11471) or
only in one strand (K12168). Both strains had
SCC1 genes tagged with 6HA. The efficiency
of plasmid immunoprecipitation was 9%
without TEV cleavage and 1% after the two-
strand cleavage. With single-strand TEV
sites, it was 15% with and without TEV.Figure 5. Linearization of Plasmid Causes Release of Cohesin but Not Histones from DNA
Plasmid was bound to IgG sepharose beads via TetR-protein A, and beads were incubated with a restriction enzyme at 4°C for 4 hr. Plasmid
was then eluted and incubated with anti-HA antibody and protein A dynabeads to immunoprecipitate cohesin complexes. Amount of plasmid
that was coimmunoprecipitated with cohesin was analyzed by Southern blot.
(A) Schematic of the experiment.
(B) Strains contained HA6-tagged version of SCC1 (K11282) or no tag (K11272), as indicated. Plasmid was linearized by Bgl II. N, nicked
plasmid; L, linear plasmid; and C, closed circular plasmid.
(C) Bgl II site on the plasmid was mutated by Klenow fill-in reaction and religation.
(D) Plasmid contained a tandem array of seven EcoR I sites inserted in a position 1 kb away from Bgl II site and was digested with EcoR I.
(E) Strain (K11915) contained HA6-tagged version of CSE4. In case of Scc1-HA6, uncut plasmid was coimmunoprecipitated at 9% level while
linear plasmid was at the background level of 0.4%. In case of Cse4-HA6, 18% of uncut and 8% of linear plasmid was immunoprecipitated.
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(A) Strains K11272 (no tag on SCC1) versus K11580 (SCC1[TEV]-HA6) were arrested with nocodazole, and the plasmid was immunoprecipi-
tated directly from the lysate with an anti-HA antibody. A Southern blot of the immunoprecipitation experiment is demonstrated. The efficiency
of immunoprecipitation was 5.4% for Scc1-HA6 versus 0.2% for untagged strain.
(B) Schematic of the release from the beads experiment demonstrated in (C).
(C) Magnetic beads with the plasmid associated with them via HA tag on SCC1 that were generated in (A) were mock treated or incubated
with Bgl II restriction endonuclease to digest the DNA or TEV protease to cut Scc1 for 1 hr at 4oC in the lysis buffer (see Experimental
Procedures) with shaking at 350 rpm. The beads were then washed two times with the same buffer, the washes combined with the superna-
tant, and are shown in “sup”. The beads were then washed successively with the lysis buffer supplemented with 200 mM NaCl (w-1), 500
mM KCl (w-2), and 1500 mM KCl (w-3), two times each. The amounts of plasmid DNA released during the washes and remaining on the
beads (b) were analyzed by Southern blot.
(D) Quantification of the results of the Southern blot shown in (C). The total amount of the plasmid immobilized on the beads prior to digestion
is 100%. Fractions of the plasmid released from the beads during each wash and remaining on the beads are demonstrated.
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855tion of seven tandem EcoR I restriction sites permitted
cleavage with EcoR I one kilobase away from the Bgl II
site. Minichromosomes linearized by EcoR I also failed
to coprecipitate with cohesin (Figure 5D), suggesting
that the effect of DNA cleavage is independent of its
location on the minichromosome.
To address whether DNA cleavage has any effect on
the association of minichromosomes with CENP-A, we
analyzed the effect of Bgl II cleavage on coprecipitation
of DNA with Cse4-HA6. In contrast to cohesin, linear-
ized minichromosomes coprecipitated with Cse4-HA6
nearly as efficiently as uncleaved circular forms (Figure
5E). Coprecipitation with an HA tagged version of his-
tone H2B was similarly unaffected by linearization (data
not shown).
We also investigated the effect on their association
with cohesin of merely nicking minichromosomes, by
inserting a site for the N.BbvC IA nicking enzyme at the
minichromosome’s Bgl II site. Without enzymatic nick-
ing, 30% of the plasmid in the preparation was nicked
and 70% supercoiled (Figure S1 in the Supplemental
Data available with this article online). After nicking of
the plasmid while bound to the sepharose beads an
additional 47% of the total plasmid was converted to a
nicked form resulting in a 77% versus 23% nicked to
closed form ratio. Nicking of the minichromosomes
caused about a 2-fold reduction of the efficiency of
their copurification with cohesin (19% of the plasmid
immunoprecipitated before nicking versus 9% after), an
effect that is much less drastic than that caused by
linearization. The effect of converting closed circular
DNAs to open circles could be an artifact of the immu-
noprecipitation procedure since a similar reduction in
the amount of the plasmid bound to the beads after
nicking was often observed when Cse4 was immuno-
precipitated instead of cohesin (see for example Figure
5E). We cannot however totally exclude the possibility
that a fraction of cohesin is associated with minichro-
mosomes in a manner that is sensitive to the state of
DNA supercoiling.
In the experiments described above, a considerable
period of time elapses between DNA cleavage and the
measurement of its association with cohesin. To mini-
mize this time period, we tested whether circular DNA
already bound to dynabeads due to its association with
cohesin can be released from these beads by lineariza-
tion (Figure 6B). Cohesin and associated circular mini-
chromosomes were directly immunoprecipitated from
extracts using dynabeads (Figure 6A). After one hour
digestion at 4°C in the presence or absence of Bgl II or
TEV protease, the dynabeads were washed succes-
sively with 0.15, 0.35, 0.65, and finally 1.65 M salt. Fifty
percent of circular DNA remained associated with the
dynabeads after these washes. TEV cleavage caused
most circular DNA to be released into the supernatant
after the 0.15 M salt wash and 2% (or less) remained(E and F) Yeast cells (K11282, SCC1-HA6) carrying centromeric plasmids of different sizes were frozen in liquid nitrogen as noodles and
crushed by a motor-driven pestle. Plasmids were purified from the extract via binding to IgG sepharose beads and the eluate of the beads
was incubated with an anti-HA antibody (12CA5) and protein A dynabeads. The amount of the plasmid coimmunoprecipitated with Scc1 was
analyzed by Southern blot. The smear extending downwards from the band of the linear form of the plasmid corresponds to the plasmids
that were torn more than once by mechanical shearing. Note that both the linear band and the smear are absent in the precipitated fraction.
nity to test whether the interaction requires cohesinon the beads after all four washes (Figures 6C and 6D).
Linearization of the DNA with Blg II had the same effect.
Most DNA was released after the first wash and little
or no DNA (0.2%) remained on the beads after all four
washes (Figures 6C and 6D). Importantly, the circular
DNAs that resisted Blg II cleavage behaved quite dif-
ferently; 54% remained on the beads after all four
washes (Figures 6C and 6D). Similar results were ob-
tained when minichromosomes were cleaved with
EcoR I instead of Bgl II (data not shown). We conclude
that linearization triggers rapid release of minichromo-
somes from cohesin associated with dynabeads.
Additional evidence that linear but not nicked mini-
chromosomes have a reduced affinity for cohesin came
from experiments in which yeast cells were instead bro-
ken by grinding with a motor-driven pestle under liquid
nitrogen, which shears a significant fraction of mini-
chromosome DNA in one or more places (Figure 6E).
Both open (nicked) and closed circular minichromo-
somes were found associated with cohesin but linear-
ized forms largely not. Importantly, this effect was ob-
served with 5 and 7.5 kb minichromosomes as well as
with the 3.5 kb one (Figure 6F). The activity of a restric-
tion enzyme is therefore not necessary for dissociation
of linear DNA from cohesin.
In summary, our data indicate that the efficiency with
which circular minichromosomes can be immunopreci-
pitated is at least 10 (and possibly 100 times) greater
than that of linearized ones. We conclude that cohesin
cannot maintain a stable association with linear frag-
ments of chromatin that are 10 kb or shorter.
Individual Cohesin Rings Can Interact
with Minichromosomes
The simplest version of the embrace model envisions
DNA’s entrapment within a single cohesin ring. It is nev-
ertheless possible that cohesin only associates tightly
with chromatin as a multimeric complex containing two
or more tightly associated cohesin rings (Figures S2A
and S2C) or even as a filament containing multiple
molecules of each cohesin subunit (Figure S2B). If
cohesin formed such multimeric complexes, then it
should be possible to detect association between two
different molecules of a given cohesin subunit, namely
between Scc1 molecules tagged with HA and Myc epi-
topes expressed from two differently tagged SCC1
genes in diploid cells. No such association could be
detected in a population of cohesin complexes re-
leased from chromatin by treatment with micrococcal
nuclease (Haering et al., 2002). This experiment would
not however have been able to detect association be-
tween different Scc1 molecules while they were still as-
sociated with chromatin.
Our ability to detect directly the association between
cohesin and a minichromosome provides an opportu-
Cell
856multimers. If association between two or more Smc1/
Smc3 heterodimers were required for cohesin to asso-
ciate with minichromosomes, then cleavage of just one
Scc1 subunit from this “minimal” set of complexes
should release cohesin from DNA (Figure S2A). Like-
wise, if cohesin had to form filaments (with a critical
length) to associate with minichromosomes, then
cleavage of half of the Scc1 subunits from such a fila-
ment should also release cohesin from DNA (Figure
S2B). To test this, we constructed a diploid strain
whose two SCC1 genes encoded differently tagged
proteins: one with a C-terminal HA-tag (HA6) and multi-
ple TEV sites in the middle portion of the protein and
another with a C-terminal Myc-tag (Myc18) and devoid
of any TEV sites. This permitted us to open one half of
cohesin rings by cleaving their Scc1 subunits with TEV
protease while leaving another half intact. If cohesin as-
sociated with DNA as a monomeric ring, then DNA as-
sociated with HA epitopes should be quantitatively re-
leased by TEV cleavage while DNA associated with
Myc epitopes should be unaffected (Figure 7A). If, on
the other hand, cohesin only interacted with DNA say
as a dimer, then two thirds of cohesin complexes con-
taining Myc epitopes should be associated with TEV
cleavable complexes. If we assume that complexes
containing a single Myc tagged Scc1 were immuno-
precipitated as efficiently as those containing two such
Scc1 molecules, then two thirds of the DNA immuno-
precipitated by Myc-specific antibodies should be re-
leased by TEV cleavage. If, however, the former were
immunoprecipitated twice as efficiently as the latter,
then one half of the DNA associated with Scc1-Myc18
should be released by TEV cleavage. An even higher
fraction of Scc1-Myc18 would be predicted to dissoci-
ate from DNA upon TEV cleavage if cohesin only asso-
ciated as trimers or yet higher order complexes.
An alternative scenario is that different cohesin rings
can indeed associate with DNA as monomeric com-
plexes but that they invariably associate with a second
complex or indeed with several other complexes, any
one of which could also associate (independently of the
first complex) with DNA (Figure S2C). Under these cir-
cumstances, some two thirds or more of TEV cleavable
HA tagged Scc1 molecules would be associated with
uncleavable Myc-tagged complexes whose association
with the HA complex and with DNA would prevent re-
lease of DNA from Scc1-HA6 upon TEV cleavage. If on
the other hand, cohesin never associates stably with
other cohesin complexes associated with DNA, then all
DNA associated with HA tagged Scc1 should be re-
leased by TEV cleavage.
To test these predictions, minichromosomes were
isolated from lysates prepared from diploid cells (ex-
pressing TEV cleavable Scc1-HA6 and TEV uncleavable
Scc1-Myc18) using Tet repressor affinity chromatogra-
phy, eluted from the IgG sepharose beads, and treated
with TEV protease. Intact and cleaved Scc1 proteins
were then immunoprecipitated via Myc or HA tags, re-
spectively, and their association with minichromo-
somes was analyzed by a Southern blot. The experi-
ment was repeated three times with very similar results.
The amount of minichromosome DNA coimmunopre-
cipitated with HA epitopes after cleavage with TEV pro-
tease was only 6.5% (SD = 0.6%) of the amount coim-
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qigure 7. Individual Cohesin Rings Can Interact with Minichromo-
omes
A) Schematic of the experiment. Two cohesin complexes bound to
he plasmid are shown. However, it is equally possible that each
lasmid is associated with only one cohesin without changing the
nterpretation of the data (see text).
B and C) Plasmid was purified from a diploid strain (K13736) with
ne SCC1 gene containing TEV cleavage sites and a C-terminal
A6 tag (B) and another SCC1 gene without TEV sites but with
C-terminal Myc18 tag (C). A diploid strain with untagged SCC1
K13788) was used as a negative control. Plasmid was bound to
gG sepharose beads, released off the beads, and incubated with
EV protease as in Figure 3. Immunoprecipitation was performed
ith either anti-HA (12CA5) or anti-Myc (9E11) antibody recognizing
EV-cleavable or uncleavable Scc1, respectively. Southern blot
epresenting immunoprecipitation of the plasmid is shown. The effi-
iencies of plasmid immunoprecipitation with Scc1-HA6 (without
EV) in three experiments with differently tagged cohesins were
.1%, 8.8%, and 12.1% while Scc1-Myc18 coimmunoprecipitated
he plasmid in the same experiments with the efficiencies of 4.6%,
.0%, and 6.8%. After TEV cleavage, the amount of minichromo-
omes associated with cleaved cohesin decreased to background
evels of 0.5%–0.7% while association of uncleaved cohesin with
inichromosomes remained unchanged.unoprecipitated in the absence of TEV treatment and
ndeed very close to background levels of 6.1 (SD =
.3%) (Figure 7B). The amount of minichromosome
NA coprecipitated with Myc epitopes was not af-
ected by the addition of TEV with 92.5% of the DNA
SD = 13.7%) precipitated after cleavage (Figure 7C).
hese data are consistent with the notion that indivi-
ual cohesin rings interact with DNA. They also suggest
hat the cohesin complexes associated with minichro-
osomes are not stably associated with other cohesin
omplexes. Finally, it should be pointed out that it is
uite conceivable that few if any of our minichromo-
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857somes retain an association with more than a single
cohesin complex after their extensive purification. If so,
our assay must necessarily detect stable association
between individual cohesin complexes and minichro-
mosomal DNA.
Discussion
The structures established by cohesin during DNA rep-
lication that hold sister DNAs together during G2 and
M phases are stable entities that persist until cells un-
dergo mitosis. There is little or no turnover of individual
subunits within postreplicative cohesive structures
(Haering et al., 2004). A remarkable aspect of these
structures is that they must be strong enough to resist
spindle forces but nevertheless be susceptible to rapid
destruction at the hands of separase at the onset of
anaphase. The nature of the interaction between sister
DNAs mediated by cohesin has been subject to much
speculation but very little actual experimental investi-
gation. It was initially assumed that DNA or chromatin
would be bound by a distinct domain (within a specific
cohesin subunit) that is connected via protein-protein
interactions to an equivalent (or indeed even different)
cohesin domain bound to its sister. However, the dis-
covery that cohesin forms a gigantic ring structure
whose integrity is broken at the metaphase to ana-
phase transition by proteolytic cleavage suggested a
radically different type of interaction, namely one in
which chromatin fibers are never stably bound by
cohesin in a physical sense but are instead trapped
topologically within its ring structure (Gruber et al.,
2003; Haering et al., 2002).
To investigate whether cohesin binds chromatin
physically or traps it topologically, we have developed
a method of detecting cohesin’s association with small
ring chromosomes after their purification from extracts
prepared from M phase cells. Briefly, we purified mini-
chromosomes by virtue of their having bound (in vivo)
Tet repressor fused to protein A and then measured the
fraction of purified minichromosome DNA that can be
coprecipitated with epitope tagged cohesin subunits.
Between 10% and 30% of minichromosomes can be
immunoprecipitated with cohesin under these circum-
stances. We assume but cannot at this stage prove that
the cohesin complexes detected in this manner are rep-
resentative of those that actually associated with mini-
chromosome in vivo.
This method permitted us to test whether cleavage
either of cohesin rings or of the circular chromosome
itself caused the partners to lose their association. Cru-
cially, cleavage either of Scc1 or Smc3 or DNA itself
reduced coprecipitation of DNA with cohesin to back-
ground levels. The release of minichromosomes from
cohesin caused by DNA cleavage was not simply due
to relaxation of supercoiling as nicked minichromo-
somes largely retain their association with cohesin.
Crucially, cleavage of minichromosome DNA did not
sever its association with centromere-specific nucleo-
somes.
The simplest explanation for these findings is that the
cohesin associated with a minichromosome slides
along the chromatin fiber without at any stage dissoci-ating from it. This process presumably continues al-
most indefinitely if the chromosome is circular but
ceases if cohesin reaches a free end, from which it
slides off and thereby dissociates from the minichromo-
some. Our observations do not exclude the possibility
that cohesin also makes physical connections to chro-
matin. But, if such connections are made, they cannot
be stable enough to survive both purification and im-
munoprecipitation steps. An important issue unad-
dressed by our experiments is what fraction of the
cohesin detected on minichromosomes by our immu-
noprecipitation assay is actually participating in holding
sister DNAs together. The fact that we also detect sim-
ilar amounts of cohesin associated with minichromo-
somes when isolated from eco1 mutants that cannot
establish sister chromatid cohesion imply that cohesin
can associate stably with replicated DNA even when
not holding sister chromatids together. Because of this,
we cannot at this stage say whether the interconnec-
tions between sister DNA mediated by cohesin are also
primarily topological in character.
We also cannot fully exclude the possibility that DNA
ends per se trigger a change in the conformation of
cohesin that causes its dissociation from DNA. Indeed,
the recent finding that cohesin is loaded to sites of
double strand breaks in vivo raises the possibility that
it might be able to recognize free DNA ends (Strom et
al., 2004; Unal et al., 2004). However, this seems un-
likely because recruitment of cohesin to double strand
breaks is not direct and is mediated by a signal trans-
duction pathway involving ATM-like protein kinases, the
Rad50/Mre11 complex, and nucleosome modification.
None of these events are likely to occur on our purified
minichromosomes.
Our finding that cohesin remains tightly connected to
chromatin fibers in vitro while sliding along them pro-
vides a physical explanation for the observation that
cohesin accumulates at sites of convergent transcrip-
tion along chromosome arms in vivo (Glynn et al., 2004;
Lengronne et al., 2004). This striking phenomenon
could be caused by cohesin being swept along chro-
matin fibers by the movement of RNA polymerases or
more likely by the nascent transcripts associated with
them. Our demonstration that cohesin can slide along
several kilobases of DNA in vitro in the absence of ATP
and even at 4°C suggests that such movement does
not require extensive chromatin remodeling. To test this
hypothesis, it will be necessary to show that the
cohesin which accumulates at sites of convergent tran-
scription in vivo actually had been transported to those
sites from other locations within the genome, for exam-
ple from sites at which cohesin had been initially loaded
onto the chromatin fiber.
It is difficult to imagine how cohesin could slide for
long distances along chromatin while at no stage disen-
gaging from it without invoking some kind of topologi-
cal linkage between cohesin and DNA. Though our ex-
periments do not provide any direct information as to
the structure of the cohesin-chromatin linkage, there
are obvious merits in trying to explain it in terms of
cohesin’s known properties. It is therefore germane that
cohesin forms a closed ring whose diameter of 30–40
nm could accommodate at least two 10 nm chromatin
fibers. Both the ability to slide freely along chromatin
Cell
858fibers and the importance of cohesin’s circularity in main-
taining sister chromatid cohesion could be explained if
chromatin fibers were trapped inside cohesin’s ring. If
sister chromatid fibers were trapped within a single
ring, then one could also explain how cohesin mediates
sister chromatid cohesion without invoking hitherto un-
detected interactions between subunits of different
cohesin complexes. The data presented here are never-
theless equally consistent with the notion that interac-
tions between two separate topologically entwined
cohesin-DNA complexes are responsible for sister
chromatid cohesion.
Our finding that cleavage of 50% of Scc1 molecules
abolishes their association with minichromosomes with-
out affecting the latter’s association with the remaining
50% of (uncleavable) Scc1 molecules suggests that our
assay largely measures association between minichro-
mosomal DNA and individual cohesin complexes. This
does not exclude the possibility that cohesin also asso-
ciates with chromatin as multimeric complexes in vivo
(whether as multimeric rings or as extended filaments).
Such complexes might not survive our purification
scheme and would therefore not be detected by our
assay. The key point is that our data indicate that indivi-
dual cohesin complexes are able to maintain a stable
association with minichromosomes in vitro via a mech-
anism that has a strong topological component.
Whether the subpopulation of cohesin molecules en-
gaged in actually holding sister chromatids together
shares this property remains to be established.
The proposed entrapment of chromatin fibers by
cohesin rings is analogous to the mechanism by which
other multi subunit protein complexes bind stably to
DNA. Other examples include replicative helicases (re-
viewed in (Davey and O’Donnell, 2003)), DNA polymer-
ase processivity factor PCNA and its prokaryotic and
phage homologs (Stukenberg et al., 1991; Tinker et al.,
1994), a heterotrimeric Rad17/Mec3/Ddc1 DNA dam-
age checkpoint factor (Majka and Burgers, 2003), mis-
matched DNA binding protein MutS (Acharya et al.,
2003) and its eukaryotic homologs Msh2-Msh6 (Gradia
et al., 1999) and Msh4-Msh5 (Snowden et al., 2004). All
these complexes must travel large distances along
DNA and manage this without disengaging by trapping
double helices within proteinaceous rings. There is
however a striking difference between these types of
topological protein-DNA complexes and the proposed
embrace of chromatin fibers by cohesin, namely the di-
ameter of cohesin rings is about one order of magni-
tude larger. The inner diameter of PCNA ring is only 3.4
nm which is sufficient to accommodate a single mole-
cule of B form of DNA (Krishna et al., 1994). The diame-
ter of cohesin rings is 30–40 nm, which is sufficient to
embrace two or more nucleosomal fibers and could in
principle also accommodate passage of a replication
fork. Cohesin may be the first example of a ring capable
of sliding readily along chromatin fibers as opposed to
merely along naked DNA.
A crucial aspect of topological interactions between
ring-shaped protein complexes and DNA is the mecha-
nism by which entrapment occurs. Previously charac-
terized protein rings, for example sliding clamps and
DNA helicases, utilize fundamentally different mecha-
nisms: they either use “ring breakers” to open preas-
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aembled rings at a subunit interface to allow DNA to
ass inside or “ring makers” that assemble around DNA
ing-shaped complexes from individual subunits (Davey
nd O’Donnell, 2003). Preassembled cohesin rings ap-
ear to exist even when not bound to chromatin
Gruber et al., 2003), which raises the possibility that
ing breaking might be necessary for the entrapment
f chromatin fibers by cohesin. It cannot however be
xcluded that the cohesin rings that hold sister chro-
atids together are assembled on chromatin fibers.
rrespective of the mechanism, the dependence of
ohesin’s association with chromosomes on hydrolysis
f ATP bound to Smc1 and Smc3’s ATPase heads and
n the Scc2/Scc4 complex (Arumugam et al., 2003;
eitzer et al., 2003) suggests that the entrapment pro-
ess is a complex one that involves major conforma-
ional changes to the cohesin complex induced by an
ccessory factor (the Scc2/Scc4 complex). In this re-
ard it is interesting that in case of another ABC
TPase, MutS (and its homologs in eukaryotes) ADP-
TP exchange converts the protein from a mismatch
NA binding mode into a DNA-sliding clamp (Gradia et
l., 1999). Whether entrapment inside cohesin rings is
eally the mechanism by which cohesin associates sta-
ly with chromatin will ultimately require that this pro-
ess be reproduced with pure components in vitro.
hether or not the ring model is correct, any future
odel will have to account for the remarkable stability
f cohesin’s association with circular DNA and its dissoci-
tion upon linearization.
xperimental Procedures
lasmids and Strains
o generate the centromeric plasmid, pUC19 had a polylinker-con-
aining Afl III-Nar I fragment removed by digest, fill-in, and religa-
ion. TRP1ARS1 sequence was PCR amplified with Nde I and Sal I
ites at both ends and cloned into Nde I site of modified pUC19.
amH I/Sma I/EcoR I polylinker was inserted into Nae I site of
RP1ARS1 circle. An 850 nt long CEN4 sequence from YCplac22
as PCR amplified and cloned into BamH I/EcoR I. TetO21 was
loned upstream of the TRP1ARS1 circle by blunt-end ligation. The
UC19 sequence of the final construct can be removed by Sal I
igest. Yeast sequences containing TetO21, TRP1ARS1, and CEN4
ere gel purified as 3.5 kb Sal I fragment, circularized by ligation
nd used for yeast transformation. Larger plasmids in Figure 6F
re the TetO56-containing derivative of the above and YCplac22
ith TetO56.
All strains used are described in Table S1. TetR-GFP-TAP con-
truct was assembled in YIplac128 with URA3 promoter and ADH
erminator and integrated into leu2 locus after linearization with
coR V. Generation of strains with SCC1 and SMC3 genes contain-
ng TEV sites was described previously (Gruber et al., 2003).
lasmid Purification and Immunoprecipitation
east strains transformed with the plasmid were grown overnight
n synthetic medium without tryptophan at 30°C, were diluted into
liter YEPD to a final OD600 of 0.2 and grown till OD600 reached
.65. For metaphase arrest 10 g/ml nocodazole (Sigma) was
dded with 1% DMSO and cells were incubated for additional 1.5
r. Spheroplasting was carried out with lyticase (L-2524, Sigma)
s described in (Deshaies and Kirschner, 1995). Spheroplasts were
ysed for 30 min on ice in 15 ml of the lysis buffer (25 mM Hepes/
OH [pH 8.0], 50 mM KCl, 10 mM MgSO4, 10 mM Na citrate, 25
M Na sulfite, 0.25% TritonX-100, 1 mM PMSF, 3 mM DTT, and
× complete EDTA-free protease inhibitors [Roche]) supplemented
ith 100 ng/ml RNase A. The lysate was cleared by centrifugation
t 10,000 rpm (12,000 × g) for 5 min in SS-34 rotor and incubated
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859over night at 4°C with 1 ml of IgG sepharose (Amersham) with rota-
tion. The beads were washed three times with 15 ml of the lysis
buffer without RNase and eluted three times with 1 ml of the lysis
buffer supplemented with 100 ng/ml nuclease-free BSA (NEB), 200
mM NaCl, and 100 M anhydrotetracycline (Acros Organics). For
DNA cleavage, washed IgG sepharose beads were incubated in the
lysis buffer with 125 units/ml of Bgl II or EcoR I (Roche) or in NEB
buffer 2 with 670 units/ml of N.BbvC IA (NEB) for 4 hr at 4°C. For
protein cleavage, AcTEV protease (Invitrogen) was added to the
eluate of the IgG sepharose beads at a final concentration of 200
units/ml followed by 4–16 hr incubation at 4°C. Eluate was incu-
bated with 10 g of 12CA5 anti-HA antibody for 1 hr with rotation
and then with 0.5 ml suspension of protein A dynabeads (Dynal)
overnight. For direct immunoprecipitation experiments 2 ml of pre-
cleared yeast lysate were incubated with 25 g of anti-HA (12CA5)
for 1 hr and then with 0.5 ml suspension of protein A dynabeads
for 2 hr to overnight. Beads were washed three times with 2 ml of
the lysis buffer with 200 mM NaCl. Plasmid was then eluted off the
beads two times with 250 l of 50 mM Tris (pH 8.0), 10mM EDTA,
1% SDS at 65°C. All the samples were adjusted to 1% SDS final
concentration, extracted twice with phenol/chloroform/isoamyl al-
cohol (25:24:1) and ethanol precipitated in the presence of 20 g
of glycogen (Roche). Samples were dissolved in 50 l of TE and
separated on a 1% agarose gel with ethidium bromide. Southern
transfer was carried out under alkaline conditions using porablot
NY plus membrane (Macherey-Nagel). Blots were scanned on
Storm 840 (Molecular Dynamics) and bands quantified with Im-
ageQuant 5.2.
Supplemental Data
Supplemental Data include two figures and a table and can be
found with this article online at http://www.cell.com/cgi/content/
full/122/6/849/DC1/.
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